Persistence of mouse mammary tumour virus (MMTV) components in the digestive tract of suckling mice was investigated by immunoperoxidase staining of the main viral antigens and micra-immunoenzyme assays of gp52 and p28; these latter assays were also performed after ingestion of milk enriched in viral antigens using Cr20 3 as a marker for the alimentary bolus migration. When compared to the ingested antigens, the amounts Of gp52 and p28 decreased during transit, p28 being more rapidly digested than gp52. The antigens were, however, destroyed to a much larger extent in the gut of the adult than in that of the newborn mouse. A fraction of the marker remained for a long time in the stomach; a prolonged retention was also observed with gp52 and especially with p28. Significant amounts of viral antigens were detected in the intestinal walls: both p28 and gp52 were found in the duodenum and small intestine. Moreover, the four viral antigens gp52, gp36, p28 and p8 were clearly observed in very large supranuclear vacuoles inside the epithelial cells of the distal part of the gut. Total particles can reach the intestine; the viral material could then be either destroyed or taken up in the epithelial cells by endocytosis, so that the intestinal epithelium might serve as a portal of entry for MMTV in the suckling mouse.
INTRODUCTION
Natural infection of young mice by exogenous mouse mammary tumour virus (MMTV) is mediated by ingestion of virus-carrying milk. However, the various events occurring between milk ingestion and excretion of the virus by the mammary gland of the adult mouse are not clearly understood (Moore et aL, 1979; Zotter et al., 1981 ; Hageman et al., 1981) . A long nursing time is known to be necessary to obtain a high incidence of tumours. In particular, RIIIfC57BL neonates have to be nursed for 4 days on RIII mothers in order to obtain 80~o of infected adult females, i.e. producing MMTV in their mammary glands (Moore et al., 1974) . Moreover, the susceptibility of a given mouse strain to some MMTV variants may depend on the route of inoculation, whether it is carried out by foster-nursing or by intraperitoneal injection into 4-to 5week-old animals (Hageman et al., 1981) . It has~been suggested that short gastric veins might be the portal of entry of MMTV, since the susceptibility to develop mammary tumours seems to be influenced by the presence of particular vascular connections that link the stomach directly to the spleen (Roubinian & Blair, 1980) . The mouse gut, immature at birth, undergoes rapid growth and differentiation. Selective uptake of maternal immunoglobulins (IgG) and immunecomplexes has been shown to occur in the neonatal intestine because of the presence of Fc receptors on the epithelial cells of the duodenum and the proximal jejunum (Rodewald, 1973; Morris, 1980; Abrahamson & Rodewald, 1981) . Non-selective uptake of macromolecules by immature epithelial cells also 0022-1317/83/0000-5739 $02.00 © 1983 SGM takes place but mainly in the distal part of the small intestine (distal jejunum and ileum) (Morris, 1968; Williams & Beck, 1969; Rodewald, 1973) . Both processes stop parallel to the appearance of the mature epithelial cells. This phenomenon, known as the 'closure' of the intestine, occurs 14 days after birth in the mouse species (Morris, 1968) . The intestine of the newborn mouse is thus an organ totally different from that of the adult and this difference might be an important feature in the process of natural infection by MMTV.
The aim of the present report is to show that MMTV antigens are detected inside cells of the small intestine of suckling mice up to 10 days old. Swiss mice from our laboratory colony [which happened to be infected with MMTV (Calberg-Bacq et al., 1976) ] were used. The main core protein p28 and the main envelope glycoprotein gp52 were quantified by enzyme immunoassays. In turn, the localization of these two antigens as well as that of gp36 and p8 [an internal protein probably equivalent to pl0 of other authors (Cardiffet al., 1978) ] was achieved by immunoperoxidase staining. The transit of an artificial meal containing known amounts of viral antigens was also followed in the digestive tract of 5-and 10-day-old animals in which these antigens appear to be better preserved than in the adult. A migration marker for the alimentary bolus was used in these experiments. Preliminary assays led us to choose chromic oxide (Cr203) since this insoluble compound is neither destroyed nor absorbed in the digestive tract (Hainaut & Osterrieth, 1981) . (Calberg-Bacq et aL, 1976) have been inbred in our laboratory since 1978. Swiss MB-is a derived mouse strain free of milk-borne MMTV . The Swiss mice have a large size and are especially suitable for the study of neonate organs: from birth up to adulthood, they weigh 50~ more than C57BL mice of the same age.
METHODS

Animals and viruses. Swiss MB + mice infected by milk-borne MMTV
The techniques used to obtain milk from MB + mice and to purify milk-borne MMTV by sucrose density gradients have been described previously (Calberg-Bacq et al., 1976) . Uninfected milk was obtained from lactating Swiss MB-mice.
Feeding procedure. In order to follow the fate of an experimental meal, suckling 5-and 10-day-old Swiss MB + mice were separated from their mothers for 16 h (a time after which the gut was shown to be free of any detectable amount of viral antigens) and then fed with a meal consisting of a mixture of 1 ml of concentrated viruses, 1 ml of uninfected milk, and 1 ml of 30mg/ml Cr20 3 in 50mM-pbosphate-buffered saline pH 7.6 (PBS). A 0.1 ml inoculum was administered through a 3 cm polyethylene tube (PE 60; Intramedic, Clay-Adams, Parsipanny, N.J., U.S.A.), which was guided gently into the stomach, taking advantage ofthe swallowing reflex (Loria et aL, 1974a) . Preliminary assays established that the administration of several artificial meals of this type had no effect on the subsequent development of the animal, and resulted in infection since viruses were produced in adults.
Organ extracts. Suckling mice were anaesthetized with ether; the digestive tracts were removed and dissected into stomach, duodenum (thick and white), small intestine (thin and yellow), and colon (which starts with the appendix, is transparent and contains visible faeces). Each segment, cut open along the longitudinal axis, was washed with the collecting PBS buffer containing 0-3 mg/ml phenylmethylsulphonyl fluoride (PMSF; Boehringer Mannheim) and 500 U/ml Trusylol (Bayer, Leverkusen, F.R.G.) for inhibition of proteolysis . Walls and contents were suspended separately in 0.5 ml oftbe same buffer, ground and extracted with 3 M-KCI as previously described (Zangerle et aL, 1977) . All samples (2 ml total vol.) were centrifuged (20 rain, at 4000 g) and the viral antigens were measured in the superuatants (1.5 ml) while the pellets (approx. 0.5 ml) were kept for Cr203 determination. The specimens were stored at -25 °C before testing.
Loop extracts. The abdominal cavities of anaesthetized mice were dissected, and the lower part of the duodenum was prepared as a ligatured loop. Before tying the second ligature, 0-1 ml of the virns-milk-Cr203 mixture was introduced using the same small polyethylene tube as above. The closed loops were then placed separately in 2 ml PBS at 40 °C. After a 20 min incubation, they were cut open along the longitudinal axis and washed with 0.5 ml of collecting buffer. Extraction of contents, walls and incubation medium was carried out as described above.
Antigens and antibodies. The p28 and gp52 antigens were purified from milk MMTV; the anti-p28, anti-gp52 and anti-p8 sera raised in rabbits after injection of purified antigens, were those used in previous studies (Zangerle et aL, 1977; Hendrick et al., 1978; Kozma et aL, 1979) . The sheep anti-gp52 serum was obtained by injecting intradermally a purified sample of gp52 (150 ~t g in 1 ml PBS) previously emulsified in 1 ml Freund's complete adjuvant (Difco). Two injections were made, with a 30-day interval, and the sheep was bled 40 days after the second injection. The gp36 antigen was obtained from milk virus treated with sodium deoxycholate (Hendrick et al., 1978) . The residue was extracted by Nonidet P40, fractionated by chromatography on a DEAE-cellulose column and gp36-enriched fractions were obtained by elution with 0.25 M-NaCI. Purification was achieved by IP: 54.70.40.11
On: Sun, 30 Dec 2018 16:12:39 MMTV antigens in the newborn mouse gut 2537 chromatography on an hydroxylapatite column eluted with a phosphate buffer pH 7-4 gradient, gp36 being obtained at 0-35 M concentration. This antigen was injected into a rabbit to obtain the anti-gp36 serum used for immunoperoxidase staining. Quantification techniques Cr203 measurements. These were performed according to the method described by McGinnis & Kasting (1964) which consists of a wet oxidation of Cr203 to Cr20 ~ -, followed by colorimetric determination of the dichromate ion with dipbenylcarbazide. The procedure was slightly modified as follows. Standards consisting of 5 to 100 ill samples of a Cr203 suspension (1 mg/ml) were submitted to continuous stirring and supplemented with Aquacid (1 mg/ml; Calbioehem) in order to increase the viscosity. The test samples, previously adjusted to 100 ixl with water, were added to 1 ml of the digestion mixture; after oxidation, a tenfold dilution in water was made. This method led to a direct proportionality between absorbance at 550 nm and amounts of Cr203 in the 10 to 200 ttg range.
Antigen detection. Extracts diluted 10-, 100-and 1000-fold as well as a series of twofold dilutions of purified p28 or gp52 (reference curves) were screened for antigens by enzyme-linked immunosorbent assays adapted to microplates as previously described (Zotter et al., 1983) . For p28 measurement, the plates were coated with rabbit anti-p28 IgG (optimal dilution 1 : 100). After incubation with the extracts, the fixed antigens were allowed to react with rabbit anti-p28 IgG conjugated with glucose oxidase [optimal dilution 1 : 150, prepared as described by Dubucq et al. (1981) ].
To measure gp52, the plates were coated with sheep IgG anti-gp52 (optimal dilution 1:500), the second antibody was rabbit anti-gp52 serum (optimal dilution 1 : 350) and its fixation was revealed by use of peroxidaseconjugated swine IgG anti-(rabbit IgG) (Dako, Copenhagen, Denmark). The results were analysed by a computer program running on the Apple II-plus computer .
Detection of viral antigens by immunoperoxidase staining. Suckling animals were anaesthetized with ether and the guts were dissected in ice-cold PBS supplemented with protease inhibitors (as done above with the organ extracts). Those parts originating from the duodenum to the colon were quickly washed by injection of PBS containing the protease inhibitors, carefully rolled (Loria et al., 1973) into a spiral around a needle on a sheet of polyethylene and frozen in 2-methylbutane at -70 °C. Frozen-cut sections (5 ~tm thick) were fixed in acetone (5 to 10 min), kept at -18 °C and rehydrated in PBS when needed. Sections were treated first with undiluted normal swine serum for 10 rain and then rinsed once in PBS. Adequate dilutions in PBS of the first antibody (absorbed serum or a purified IgG fraction) were layered on the sections and allowed to stand for 1 to 3 h. After thorough rinsing in PBS for 30 rain, the sections were incubated for 1 h in adequate dilutions of peroxidase-labelled swine IgG anti-(rabbit IgG) and again extensively washed in PBS for 40 min. The reaction was revealed in PBS containing 0.6 mg/ml diaminobenzidine and 0.0006% H202.
RESULTS
Persistence of viral particles and viral antigens in the neonatal gut
Coagulated milk was removed from the stomach of suckling animals and observed by electron microscopy. When the mice were 10 days old, intact viral particles, together with broken viral envelopes were seen in samples collected up to 2 h after separation from the mother; after 3 h the stomach was empty. In the stomach of 3-day-old animals however, milk was found to remain up to 5 h and after that time, numerous viral particles could be recovered ( Fig. 1) .
At the time of separation from the mother, intestinal contents from 3-and 10-day-old mice were also collected by washing the intestine with PBS supplemented with protease inhibitors. In both samples, intact particles were found when preparations were observed immediately ( Fig.  1) . In spite of the inhibitors, a degradation process occurred in the isolated intestinal content and after 3 h at room temperature, membranes bearing projections totally disappeared.
Preservation of viral antigens was then examined using ligatured intestinal loops of 10-dayold animals and the results were compared with those observed in the adult intestine. A milk preparation enriched in gp52, p28 and containing Cr203 was introduced into the loops. After a 20-rain incubation, the recovery was measured in loop contents, wails and external media (Table  1) . In each case, more than 80 % of the marker was recovered in the loop contents, and no Cr20 3 could be detected inthe walls nor in the incubation medium. About 60% of both antigens were recovered from the 10-day-old mice tissue but only 35% from the adult mice intestine, thus demonstrating a selective preservation of antigens in the suckling animal. More than 95 % of the Fig. 1 . Presence of complete viral particles in the neonatal digestive tract. Negative staining (using 2 potassium phosphotungstate pH 6.8) of (a) the stomach content of a 3-day-old animal sacrificed 5 h after separation from the mother and (b) the intestinal content of a 5-day-old animal, collected with buffer supplemented with protease inhibitors and observed immediately after preparation. Both samples were concentrated by centrifugation. Bar marker represents 200 nm for (a) and 150 nm for (b).
antigens detected were within the loops while the antigens recovered outside the loops and in the walls were only about 2 to 3 % of the total amounts used,
Distribution of viral antigens gp52 and p28 during natural feeding
Antigens p28 and gp52 were first measured in natural milk samples and amounts of 180 ng p28 and 250 ng gp52 per m of milk g/proteins were found, indicating that the Swiss mouse milk contained around 5 x 1011 viral particles per ml. These values relate to one milk sample chosen as best representative of the many determinations made, since wide variations occurred depending on the sample. Therefore, a pool of five animals was made; they were 5 to 6 days old and from three different litters of mice at their third parturition. In these naturally fed animals, antigens were measured in the walls and in the contents of the different parts of the digestive tract. The results (Table 2) show a large accumulation of viral material in the stomach, the content of which was characterized by the highest p28 amount compared to the gp52 value. It is important to note that very significant quantities of the two viral antigens were found in walls of both duodenum and small intestine.
Follow-up of fr2O3, gp52 and p28 in the neonatal digestive tract after artificial feeding
The fate of an artificial meal containing large amounts of viral antigens was followed during its intestinal transit in 5-and 10-day-old animals. Measurements were made immediately and 1, 2, and 3 h after administration in both contents and walls of the different parts of the digestive tract (Fig. 2) . Since the protein amounts measured in the contents of the gut displayed large variations depending on the time and the animal considered, the migration of the alimentary bolus was estimated by supplementing the meal with Cr2Oa. This marker was not absorbed, since wall extracts always gave negative results and for each experimental animal, the total recovery of Cr20 3 was at least 80% of the meal content (Table 3) . Taking into account the increase in length of the digestive tract (which doubled between 5 and 10 days following birth), the data of Fig. 2 show that the speed of the alimentary bolus is much higher when the animals are 10 days rather than 5 days old (around 10 cm/h and 3-3 cm/h respectively). Part of the marker, however, appears to remain longer in the stomach in both cases.
The milk administered (0.1 ml) contained 28.2 Ixg of gp52 and 4.4 Ixg of p28, giving a gp52/p28 ratio of 6.4. Since purified viruses had a 1.4 value for this ratio, the meal contained not only intact B particles but also viral envelopes and pieces of membrane harbouring gp52, a situation which occurred naturally in the infected milk.
The total amounts of antigen recovered in each animal are given in Table 3 . They indicate the limits of this type of experiment since, at zero time, the antigens detected represented about 40 of the amounts actually administered. Nevertheless, it is clear that digestion increased during the second and third hour after feeding and appeared to be more pronounced for p28 than for gp52. Each animal, separated from its mother for 16 h, was artificially fed with milk containing (per ml) 1 mg Cr203, 28.2 I.tg gp52 and 4.4 I.tg p28. Measurements were made on extracts from the walls and contents of the stomach (il), duodenum, (~),lsmall intestine (~ and colon (17) immediately and 1, 2, and 3 h after feeding. For Cr203 and for each.matigen, the amount measured in the total volume of the extract was expressed as a percentage of the amount ingested. The experiments were repeated twice and gave similar results. Antigen distribution is given in percentages of amounts administered in Fig. 2 . In both 5-and 10-day-old animals, gp52 was present in the walls of the small intestine and in the walls of the duodenum 2 to 3 h after feeding. Antigen p28 was also detectable in gut walls but in low amounts, a result which would b e obtained if p28 penetrated less efficiently but also if it was digested more rapidly inside the epithelial cells.
The amounts of antigens recovered in the contents of the various organs illustrate both the migration and the important decrease in viral components during transit. As shown in Table 4 , the ratio between gp52 and p28 varied in the course of transit and digestion. However, the gp52/ p28 ratio always remained higher than 2, so there was no indication that the viral envelopes underwent separation from the cores.
In addition, Table 4 indicates that: (i) the stomach contents were characterized by the lowest gp52/p28 ratio values, suggesting a selective retention of virus internal components or whole particles when compared to the fraction enriched in gp52 alone; (ii) for both antigens, a high proportion of the total amounts recovered in contents was obtained from stomach and duodenum, confirming the relative preservation of viral components in these organs; (iii) the gp52/p28 ratio became much higher than that of the meal in the distal part of the digestive track and at later times after feeding (i.e. 3 h for the 5-day-old mice and 1 and 3 h for the 10-day-old mice) showing clearly the more rapid digestion of p28.
Localization by immunoperoxidase staining of the viral antigens p28, p8, gp36 and gp52 in the suckling mouse intestine during natural feeding
In the first set of experiments, the immunoperoxidase staining of frozen-cut material was tested on sections of Swiss MB + mammary glands at late lactation. Examination of the infected glands showed the localization of each antigen in epithelial glandular cells (Fig. 3 a to at) . These observations confirmed those previously obtained by immunofluorescence (Kozma et al., , 1980 and extended them by observing glycoprotein gp36 (which was undetectable with the technique used by Kozma et al.) .
Subsequently, immunostaining was carried out on frozen sections of the intestine of 5-day-old Swiss MB + animals whose mothers were good virus producers. The intestines were rolled with the duodenum at the centre. Sections were performed tangentially to the spiral so that the gut could be observed in its full length in a single sample. All four viral antigens were found identically localized inside epithelial cells of the distal part of the small intestine ( Fig. 4a to c) . Neither the Peyer's patches, the appendix nor the centre of the section, including the duodenum and the upper part of the intestine (approx. 4 or 5 cm), contained any detectable viral antigens. In the positive region, staining which started as diffuse in the cytoplasm (Fig. 4b) , concentrated inside the very large supranuclear vacuoles ( Fig. 5a to d) that characterize the epithelial cells all along the gut [phagolysosomes: Morris (1968) ]. The apical border of the epithelial cells, the cytoplasm underneath the nucleus and the connective tissue at the centre of the villi always failed to stain. Reactions due to anti-gp52, anti-gp36, anti-p28 and anti-p8 sera gave identical images in serially cut sections, and the different sera used could not be distinguished from each other on the basis of staining distribution.
The colon was free of viral antigens, while the faeces were heavily stained. This latter reaction, however, must be regarded as non-specific since staining also appeared in the absence of antibodies and probably resulted from endogenous peroxidase activity. The cytoplasm of some large cells scattered in the axial connective tissues of the villi or aligned in the sub-mucosa beneath the villi all along the intestine (Fig. 4d ) displayed similar enzyme activities.
Four animals from two different litters gave exactly the same results as those described above. In contrast, all control sections prepared on the same slide from 5-day-old Swiss MB-mice that had been suckling uninfected milk, were negative with regard to the presence of the four viral antigens under consideration (Fig. 4d) .
The same experiments were repeated on the guts of 3-and 10-day-old animals. The results were similar and revealed the same staining of the distal part of the small intestine. The only difference observed was that the reactions given by the two antigens p8 and p28 were strictly localized in a very small portion of the ileum in the 10-day-old animals.
DISCUSSION
The experiments presented here have shown that the small intestine of the newborn mouse must be regarded as a possible portal of entry for MMTV; we have not considered the upper digestive tract from the mouth to the entry of the stomach. However, since the salivary glands of the adult mouse are known to produce viral antigens Kozma et al., 1980) and viral partifles (Bentvelzen & Hilgers, 1980) we tested and have verified that the salivary glands of the suckling animal are not a portal of entry, since they are totally free of viral antigens.
In the stomach, no viral antigens are detected in the walls but intact virions are recovered from the milk (see also Miroff & Magdoff-Fairchild, 1965) . The viral components (probably mainly complete particles) as well as the marker are retained for a prolonged period of time at that level. As described by Roubinian & Blair (1980) viruses might be channelled directly from the stomach to the spleen but we do not find evidence of a vascular connection in our Swiss mice. Moreover, cauterization of these short gastric vessels prior to foster-nursing on infected 1,. HAINAUT AND OTHERS mothers only reduces the percentage of tumours, so that viruses must enter by another way.
Whole MMTV particles can reach the small intestine (also reported by Tanaka & Tsujimura, 1967) , but proteolytic degradation must occur, since there is a progressive decrease in antigen recovery after ingestion of a defined meal. The p28 antigen appears more sensitive to digestion than gp52. However, experiments on loops demonstrate that this destruction is much more important in the adult than in the neonatal organs. Suckling mice have also been shown to be more sensitive than adults to peroral infection by Coxsackie B virus as a result of a lesser extent of destruction of the viruses by the neonatal gut (Loria et al., 1974b) .
Four MMTV antigens are detected by immunoperoxidase staining of frozen-cut sections in the large supranuclear vacuoles characterizing the epithelial cells of the neonate's small intestine. Envelope and core antigens are identically localized so that penetration inside the cells of complete particles and/or intact cores remains possible. During maturation of the gut, cells containing large vacuoles are progressively replaced by cells typical of the adult and failing to absorb intact proteins (Simpson-Morgan & Smeaton, 1972) . Clearly, the immunostaining reaction is localized in the distal part of the neonatal small intestine and such a localization is characteristic of an unselective absorption of macromolecules (Williams & Beck, 1969) . Abrahamson & Rodewald (1981) have observed this non-selective uptake in the duodenum and the proximal jejunum, although Occurring to a lesser extent than the selective IgG uptake characteristic of these tissues. This point is important, since quantitative analysis also reveals that the viral antigens are present in the walls of the duodenum, a result which was not confirmed by immunoperoxidase staining of frozen-cut sections. The discrepancy might result from either a faster degradation of the intracellular antigen during immunostaining or a diffuse cytoplasmic localization which would not be distinguished by immunostaining. Indeed, a positive result in this method comes from a local antigen accumulation inside the cells, and stain bound to the plasma membrane was not taken into account.
In the neonatal intestine, viral components can be taken up by endocytosis in coated pits [similar vesicles appear to be used for both selective and unselective penetration (Abrahamson & Rodewald, 1981) ] and channelled towards larger vacuoles by fusion with lysosomes. Viral structures might escape destruction inside the lysosomes; indeed, internal cores of several enveloped viruses have been shown to reach the host cell cytoplasm by fusion between the lysosomal membrane and the viral envelope (White et al., 1981) . Membrane fusion is triggered by a moderately low pH and might take place even before the endocytic vesicles have reached the lysosomes. Such a process accounts for the penetration of Semliki Forest virus (Marsh et al., 1983) . As regards penetration of C-type retroviruses in cultured cells, it has also been recently claimed that lysosomotropic drugs inhibit viral degradation as well as cell infection (Andersen & Next, 1982) . If membrane fusion can take place in the intestinal epithelium, then the enterocyte would be the first target cell to be infected with MMTV. Another hypothesis is that the intestine epithelial cell only transports the virus by means of a shuttle of vacuoles, in which case the vacuolar contents would be released at the basolateral membrane.
Considering that MMTV infectious units can penetrate the immature cells of the newborn intestine and that this mode of entry is relevant to the infectious process, we are currently investigating how the infection spreads into the organism. P. Hainaut is a fellow of the Belgian IRSIA (Institut pour l'Encouragement de la Recherche Scientifique dans l'Industrie et l'Agriculture). Part of this work was supported by a grant from the 'Action de recherches concert&s" (79-84-11, Programmation de la Politique Scientifique), Belgium.
